Australia (Trendall, 1995; Barley et al., 1997) , the ~2061 Ma Rooiberg Group (Walraven, 1997) , the ~1592 Ma Gawler Range Volcanics, South Australia (Creaser and White, 1991; Creaser, 1995; Allen and McPhie, 2002; Allen et al., 2008) , and the ~1100 Ma rhyolites of the North Shore Volcanic Group, Minnesota (Green and Fitz, 1993) . Younger examples include the Snake River Plain (Bonnichsen and Kauffman, 1987; Manley, 1996; Branney et al., 2008) , Trans-Pecos Texas (Henry et al., 1989 (Henry et al., , 1990 , Yellowstone National Park (Christiansen and Hildreth, 1989) , and the Etendeka Igneous Province in Namibia (Milner, 1986; Milner et al., 1992) .
The aim of this paper is to provide a comprehensive review of the Rooiberg Group because no similar study has been conducted since that of Twist and French (1983;  see also, a short review by Buchanan, 2006) . A new mapping program focusing on the physical volcanology of the Rooiberg Group was begun in 2010, and preliminary field data from this work will be combined with extant literature to provide an up-to-date overview of the nature of Rooiberg volcanism and its geodynamic origin. The focus of this paper is to provide, for the first time,
properly constrained lithofacies interpretations of the Rooiberg Group, as well as to highlight initial results of eruption temperature and viscosity estimates based on new modeling data.
This thorough review of the geochronology, physical volcanology, and geochemistry of the Rooiberg Group also enables the construction of a geodynamic model.
Regional geologic setting
By ca. 2.6 Ga, the Kaapvaal Craton was a predominantly granitic, stable Archaean block that was characterized in the Archaean -Palaeoproterozoic by the development of large volcanosedimentary intracratonic basins on an evolving stable platform. These basins include the ca.
3.1-2.8 Ga Witwatersrand Supergroup and the ca. 2.7 Ga Ventersdorp Supergroup basin-fills, both of which formed during late cratonisation (e.g., Eriksson et al., 2005) , and the Transvaal (Supergroup) basin (~2.66-2.1 Ga), which developed following cratonisation. The latter basin contains one of the thickest (ca. 15 km; Button, 1986) and most complete successions of Neoarchaean-Palaeoproterozoic volcano-sedimentary rocks, which form the floor rocks to the entire Bushveld LIP (Eriksson and Reczko, 1995) . The Transvaal rocks underwent regionalscale compressive deformation prior to the Bushveld LIP event Eriksson et al., 1998) , thus indicating a time gap between the end of Transvaal sedimentation and the onset of Rooiberg-Bushveld magmatism. The Bushveld LIP was part of a widely-distributed coeval Proterozoic magmatism in the Kaapvaal Craton in southern Africa, including the Molopo Farms layered intrusion, intrusions into the Okwa basement complex (both in Botswana), and smaller intrusions of the Bushveld high-Ti suite near the Vredefort impact complex in South Africa (e.g. Reichhardt, 1994; Kinnaird, 2005; Mapeo et al., 2006) .
Geochronology
The majority of isotopic ages (single-grain zircon Pb-evaporation) determined from samples of the Rooiberg Group and the Bushveld Complex range from 2061±2 to 2052±48 Ma (Table   1 ) (e.g., Walraven et al., 1987 Walraven et al., , 1990 Walraven, 1997; Buick et al., 2001 ). More recently, Buchanan et al. (2004) determined Rb-Sr ages of 2071+94/-65 Ma for the Dullstroom and Damwal Formations. Furthermore, based on all available geochronological data from the Rooiberg Group and the Bushveld Complex, it was suggested that the best estimate for the age of the Kwaggasnek Formation is 2057.3±3.8 Ma (Harmer and Armstrong, 2000) . The duration of Rooiberg Group volcanism is thus not well constrained.
Structural relationships between the Bushveld Complex, the Transvaal Supergroup floor and the Rooiberg Group
The stratigraphy of the Rooiberg Group has been disrupted by the intrusion of three suites of the Bushveld Complex, which include the Rustenburg (layered mafic rocks), Rashoop (granophyres) and Lebowa (granitic) suites. The lowermost Dullstroom Formation, which occurs only in the SE part of the Rooiberg Group, lies unconformably (Cheney and Twist, 1991) over Pretoria Group sedimentary rocks of the Transvaal Supergroup and beneath Bushveld lithologies (e.g., . The remaining three formations of the Rooiberg Group as well as the upper part of the Dullstroom Formation were detached by the Bushveld intrusion (Rustenburg Suite), and elevated to form the roof of the Bushveld Complex Schweitzer et al., 1995 and references therein) . All four formations, with the lower part of the Dullstroom detached from the rest of the group, occur in the SE of the Rooiberg Group (Fig. 1) . The Damwal Formation is also restricted to . The Rooiberg deposits are thickest in the area of Loskop Dam, just to the south of the proposed Kanye axis (a postulated crustal architectural feature of at least Transvaal age; Eriksson et al., 1996) , immediately southeast of the Dennilton Fragment (Fig. 2 ).
There are five "fragments" (a term which is well entrenched in local and global literature on the Bushveld LIP) of Transvaal-Rooiberg lithologies enclosed within the much wider spread Bushveld intrusives. The Rooiberg and Crocodile fragments lie in the west of the Bushveld LIP and are interpreted as large roof pendants. The Dennilton, Marble Hall and Makeckaan/Stavoren fragments are located in the east (Fig. 2) and are interpreted as floorattached domes (Hartzer, 1995) . Further complications in spatial relations are presented by evidence for a catastrophic event between the end of Transvaal sedimentation and the onset of Rooiberg volcanism. (Crockett, 1972) to possible updoming of the craton during upwelling of the Bushveld LIP plume.
The Kwaggasnek and Schrikkloof formations within the Rooiberg fragment unconformably overlie texturally and mineralogically immature sedimentary rocks of the Smelterskop Formation (Richards, 1987) . The stratigraphic placement of this unit as well as the underlying Leeuwpoort Formation, and the Makeckaan Formation in the fragment of the same name, is uncertain -they are all thought to be immature sedimentary deposits related to rapid sedimentation from igneous updoming preceding Rooiberg Group eruption, rather than being part of the Pretoria Group (e.g., .
In the southeastern area of greatest exposure, the Rooiberg Group grades conformably into 1100 m of red shale intercalated with conglomerate overlain by mainly impure recrystallised sandstone of the overlying Loskop Formation (Clubley-Armstrong, 1977; Martini, 1998) .
Contact metamorphism of the Rooiberg Group rocks, which now essentially form the roof of the Bushveld Complex, led to partial melting of the lava flows and to the formation of finegrained granulitic rocks (c.f., French and Twist, 1983) . Recent age data (U-Pb sphene concordant age on a calc-silicate xenolith within Rustenburg Suite mafic rocks) for the Bushveld Complex indicates a minimum emplacement age of 2058±0.8 Ma (Buick et al., 2001 ). A thermal model of the emplacement and crystallisation of the Bushveld Complex by Cawthorn and Walraven (1998) indicates that the magmas injected into the complex were emplaced within roughly 75,000 years. More recently, Letts et al. (2009) SACS, 1980; Walraven, 1982; Harmer and Sharpe, 1985; Schweitzer et al., 1995) . fragment. Modified after Hartzer (1995) , Kinnaird (2005) and Kruger (2005) .
Stratigraphy and lithology
De Bruiyn (1980) studied the Rooiberg Group north of Pretoria. In the Warmbaths area, where the Rooiberg Group is unconformably overlain by Waterberg Group sedimentary rocks, Rhodes and Du Plessis (1976) described the Rooiberg Group as a 3-km-thick volcanic succession. A similar study was done near Villa Nora by van der Walt (1980) who described comparable field relations to those at Warmbaths with thicknesses of up to 4.5 km for the Rooiberg Group. The most complete and best exposed lithostratigraphic section is in the southeastern Bushveld around the borders of the Middelburg basin (filled mainly with Loskop Formation and Waterberg Group sedimentary strata) (e.g., Mellor, 1907; Wolhuter, 1954; von Gruenewaldt, 1966 von Gruenewaldt, , 1968 Clubley-Armstrong, 1977; Twist, 1985) . Here, Twist (1985) described a ca. 3520 m-thick section immediately north of the Loskop Dam, on the northern flank of the preserved Middelburg basin (Fig. 2) . To the east, on the northeastern rim of the Middelburg basin, the succession gradually thickens to 5110 m (Clubley-Armstrong, 1977).
The Rooiberg lithostratigraphic section is dominated by thick lava flows that are intercalated with minor volcaniclastic and siliciclastic layers. Twist (1985) distinguished nine units of lava flows within the sequence, based on colour, texture, phenocryst content, internal structure, and relationship to the intercalated sedimentary units (Fig. 3) . Schweitzer et al. (1995) assigned the nine lava units to the four formations of the Rooiberg Group: (1) the Dullstroom Formation (upper stage) which equates to lava units 1-2 of Twist (1985) ; (2) the Damwal Formation with lava units 3-6; (3) the Kwaggasnek Formation with lava units 7-8; and (4) the Schrikkloof Formation, correlated with lava unit 9. Figure 4 illustrates the correlations between the nine lava units of Twist (1985 and his earlier work; Table 1), the formations defined by Schweitzer et al. (1995) , and data from Eriksson et al. (1994) Twist (1985) . Samples were all taken from the Loskop Dam area ( Fig. 2 for locality). Twist (1985) and Schweitzer et al. (1995) .
Formation Unit 2 for location) (modified after Twist (1985) and Schweitzer et al. (1995) Mingling of magma with poorly consolidated wet sediment, at the margins of intrusions (Kano, 1989; McPhie, 1996, 1998; Hanson and Hargrove, 1999) or bases of lavas (Schmincke, 1967; Hunns and McPhie, 1999 
The nature of Rooiberg Group Volcanism

Sedimentary interbeds
The early volcanism of the Rooiberg Group (preserved in the Dullstroom Formation) was apparently continuous, forming thick successions of massive lavas with only minor pyroclastic layers and sedimentary interbeds . We interpret the scarcity of sedimentary interbeds as reflecting either rapid accumulation, or the constructional nature of the volcanic units (cf., volcanic geomorphic landscape elements that build rapidly and positively, normally at faster rates than sedimentary deposits). Later Rooiberg volcanism (preserved in the Damwal to Schrikkloof Formations) was less continuous, with hiatuses being indicated by more abundant interbedded sandstone and shale (Fig. 4) . The sandstone indicates a non-volcanic erosional source. At least for the lower part of the Rooiberg Group, it can be argued that the quiescent breaks in volcanism were of short duration. We base this premise on the observation (Eriksson et al., 1994 ) that only siliciclastic Pretoria Group detritus from nearby source areas was deposited during most of these hiatuses, implying that time was too short for weathered volcanic detritus to become available. Only the uppermost sandstones bear evidence of a silicic volcanic component (cf., Eriksson et al., 1994 ) thereby suggesting longer hiatuses. Although Twist (1983 Twist ( , 1985 interpreted these sandstones to have been deposited in a littoral environment, more recent work suggests that deposition took place within sandy braided rivers, draining low-lying source areas and spreading erratically over the lava flow surfaces during quiescent breaks in volcanic activity (Eriksson et al., 1994) . The nature of the shales is less certain as they may contain a large amount of primary or reworked volcanic material . Willemse (1969) recorded an areal extent of the Rooiberg Group of between 50,000 and 67,000 km 2 . More recent work, however, showed that the Rooiberg Group originally covered an area of more than 200,000 km 2 (Fig. 2) (Cawthorn and Walraven, 1997) . The volume left after erosion is approximately 350,000 km 3 Cawthorn and Walraven, 1997) , and thicknesses range from 3 to more than 5 km (von Gruenewaldt, 1968 Gruenewaldt, , 1972 du Plessis, 1976; Clubley-Armstrong, 1977 ). This volume is comparable with that of the Rustenburg Layered Suite of the Bushveld Complex and makes the Rooiberg Group one of the largest provinces of silicic volcanic rocks known . Harmer and Armstrong (2000) suggested that the Bushveld LIP as a whole produced between 0.7 and 1 million km 3 of magma within 1-3 My, which would require magma generation rates between 1 and 0.3 x 10 6 km 3 per Ma, respectively.
Areal extent and eruptive volume
Petrology and Geochemistry
The Rooiberg Group consists of nine magma types, with the greatest variety of magma types occurring in the basal Dullstroom Formation (Table 1 ) . The lower to middle Dullstroom Formation is composed of interbedded low-Ti (TiO 2 <1.0 wt.%;
SiO 2 <60 wt.%), high-Ti (TiO 2 >1.0 wt.%; SiO 2 <60 wt.%) and high-Mg (2.0 wt.% on average; Twist, 1985; Schweitzer et al., 1995) volcanic units, ranging from basalt to andesite (Buchanan et al., 1999 (Buchanan et al., , 2004 wt.% for low-Ti lavas of the Dullstroom Formation to an average of 11.5 wt.% for the Kwaggasnek Formation (Buchanan et al., 1999 (Buchanan et al., , 2002 Buchanan, 2006) .
Incompatible trace elements, including rare earth elements (REE), increase in abundance with
increased stratigraphic height and SiO 2 content (Fig. 5) (Buchanan, 2006 (Buchanan et al., 1999 (Buchanan et al., , 2002 Buchanan, 2006) .
The compositional data indicate that the dacites and rhyolites were derived from low-Ti melts by fractional crystallization and assimilation in a mid-crustal magma chamber before emplacement (Buchanan et al., 1999 (Buchanan et al., , 2002 (Buchanan et al., , 2004 (Buchanan et al., 2002) . Rb-Sr and Sm-Nd isotopic compositions are similar to those indicated for melts that crystallized to form the Rustenberg Layered Suite (RLS) of the Bushveld Complex (Buchanan et al., 2004) . Therefore, several authors (e.g. Sharpe et al., 1986; Maier et al., 2000; Buchanan et al., 2004) propose that Rooiberg Group melts may have resided in the same magma chamber(s), considered an intermediate residence for the magmas of the RLS, before the melts separated, started to rise to higher elevations in the crust, and, were eventually expelled onto the surface. Buchanan et al., 1999 Buchanan et al., , 2002 Buchanan 2006) . Abundances are normalised to those of C1 chondrites from Anders and Grevesse (1989) .
Intensive parameters of magma (temperature and viscosity)
Phenocryst contents of Rooiberg lavas
We conducted a preliminary study on four samples of Rooiberg lava flows, with the aim of making an initial interpretation of the intensive parameters and therefore modelling their possible eruption temperatures and viscosities at the time of their eruption. In thermodynamics, exchanges within a system, such as a magma chamber, and the outside are controlled by intensive parameters such as temperature, viscosity, pressure, oxygen fugacity, mole fraction, and specific volume. These data are the basis for inferences on the changing conditions of crystallisation and the dynamics of the magma chamber (Agangi, 2011) .
The Rooiberg lava flow units differ significantly in phenocryst content and mineralogy, and range from porphyritic to aphyric in texture. The phenocryst-rich lavas contain between 10 and 30 vol.% of phenocrysts of plagioclase, sanidine, quartz, augite and rare pigeonite, set in a groundmass of plagioclase, clinopyroxene, magnetite and ilmenite. Most phenocrysts are 1 -10 mm in size, but a few sanidine and quartz crystals are larger than 2 cm across. The aphyric lavas contain roughly 0-3 vol.% of euhedral phenocrysts of quartz, sanidine and plagioclase.
Most phenocrysts are < 3 mm in size. Spherulites in the groundmass are composed of quartz and feldspar crystals radiating from a common nucleus.
Temperature estimates
The absence of hydrous phenocrysts in most Rooiberg rocks, and available mineral thermometry suggest that the Rooiberg magmas were unusually hot and water-undersaturated.
We recently undertook preliminary studies of eruption temperatures based on four porphyritic
Rooiberg lavas with phenocryst contents between 10 and 30 vol.% taken from the upper Dullstroom Formation and the Damwal Formation (Table 3) Equilibration temperatures were determined by application of two-feldspar geothermometry with the help of the SOLVCALC 1.0 software of Wen and Nekvasil (1994) using the feldspar site mixing models of Nekvasil and Burnham (1987) and Elkins and Grove (1990) . The Nekvasil and Burnham (1987) solid-solution model is very similar to that of Elkins and Grove (1990) , and use of the latter model yields results in agreement with the eutectic data (Nekvasil and Carrol, 1993) . Temperatures at the time of crystallization of the Dullstroom and Damwal
Formations -and presumably at eruption -ranged from approximately 840-1200°C according to the Nekvasil and Burnham (1987) model, and from 880-1120°C according to the Elkins and Grove (1990) model (Table 3) . Twist and Elston (1979) found that the Rooiberg eruption temperatures of the younger, more silica-rich formations exceeded 1000°C by application of similar mineral-pair geothermometers. 
Viscosity estimates
Viscosities of the Rooiberg Group lavas (Table 4) were calculated using the method of Shaw (1972) and Giordano et al. (2006) , and the effect of suspended phenocrysts was determined by the method of Roscoe (as presented in McBirney and Murase, 1984) . The pre-eruptive apparent viscosities of the four analysed samples were between log 10 5.37 Pa.s and log 10 10.02 Pa.s, after Giordano et al. (2006) and between log 10 4.81 Pa.s and log 10 8.27 Pa.s, after Shaw (1972) . Including the effect of the phenocrysts gave effective viscosities between log 10 5.0 Pa.s and log 10 8.57 Pa.s. 1 Roscoe (as presented in McBirney and Murase, 1984) .
Discussion
Emplacement mechanisms
Based on previous literature and new data from our preliminary work on the Rooiberg Group, we suggest that this volcanic-dominated succession belongs to a group of widespread felsic successions that lack pyroclastic units and that were derived from high temperature magmas (c.f., Allen and McPhie, 2002) . This group of volcanic successions includes many examples from important intraplate provinces such as the volcanic rocks of the Proterozoic Midcontinent rift, Minnesota (Green and Fitz, 1993) , the Gawler Range Volcanics, South
Australia (Allen et al., 2008) , the Tertiary Trans-Pecos volcanic field, Texas (Henry et al., 1988) , and the Tertiary Snake River Plain volcanic province, Idaho (Bonnichsen and Kauffman, 1987; Manley, 1996) .
Our geodynamic model illustrates the inferred evolution of the Rooiberg Group (Fig. 6 ).
Following Transvaal Supergroup deposition, a set of shrinking basins characterised by relatively immature shallow marine and fluvial deposits (referred to as the post-Magaliesberg Formation succession) is inferred, and these are interpreted as forming part of an overall tectonically unstable setting (Schreiber and Eriksson, 1992; Eriksson et al., 1998) . This setting was also affected by relatively gentle regional shortening and folding of Transvaal sedimentary strata as the Eburnean supercontinent, which included the Kaapvaal craton, began to amalgamate . The post-Magaliesberg Formation sedimentary succession points to rapid uplift and tectonic instability related to major and rapid thermal doming as the Rooiberg magmas ascended through the crust (Eriksson et al., 1993 Catuneanu and Eriksson, 1999) . The uppermost Pretoria Group clastic depositional environment was thus disrupted by Rooiberg volcanism, with emplacement of extensive mafic to felsic lavas, and subordinate volcaniclastic strata and clastic sediments. The felsic lavas were probably hot (840-1200°C), and their relatively low effective viscosities (log 10 η 5.0-8.57 Pa.s) allowed relatively rapid discharge and extensive outflow. The flows' great thicknesses may have lead to relatively efficient heat retention to delay solidification and prolong mobility for many years following extrusion (cf., Manley, 1992) . Given the preserved volumes of Rooiberg Group volcanic rocks and their inferred original volumes, a sufficient mass eruption rate from a voluminuous chamber is postulated, and hence the total erupted volume was most likely the limiting factor in how far the rhyolites would have travelled (cf., Manley, 1992 ).
The lavas erupted over large areas of land where active sandy braided river systems (Eriksson et al., 1994) and probably open water bodies such as ponds and small lakes existed (Fig. 6 ).
The lavas preserved important information concerning these continental environments, including complete sedimentary structures and bedforms. The quiescent breaks in volcanism were of short duration, as only Pretoria Group detritus from nearby source areas was deposited, with time appearing to have been too short for weathered silicic volcanic detritus to become available (see discussion in Eriksson et al., 1994) . Only the uppermost sandstones interbedded with the Rooiberg lava flows bear geochemical evidence of a silicic volcanic component (Eriksson et al., 1994) . The presence of localized pumiceous, crystal-rich or finegrained volcaniclastic beds (both primary and reworked) in the Rooiberg Group suggests that small-volume pyroclastic eruptions occurred throughout its evolution. In many cases, these sedimentation (e.g. Hanson and Schweickert, 1982; Einsele, 1986; Kano, 1989; Maas, 1992; Dadd and van Wagoner, 2002) . peperites formed where lavas locally impinged on wet sedimentary environments.
Cooling history
The cooling history of the Rooiberg deposits can be derived from the different textures found within the lava units (e.g. Lofgren, 1971a, b) . Spherulite distribution sheds light on cooling and crystallisation whereas amygdales record part of the degassing history of a lava flow (Orth and McPhie, 2003) . According to Lofgren (1974) spherulites may crystallize directly from the melt in response to large undercoolings. They can also occur through devitrification of a glass phase (i.e. crystallization below the glass transition temperature) although this is unlikely to occur under dry conditions, such as are inferred from the analysed Rooiberg Group lavas lacking hydrous mineral phases, because molecular diffusivities in the glass are too small (e.g. Manley, 1992) . One exception for glass devitrification (in response to heating to 250-700°C and the presence of an alkali-rich fluid phase; Lofgren, 1971a) could be later hydrothermal-fluid circulation during vesicle-filling (Fowler et al., 2002) . Within the Loskop
Dam area (c.f., Twist, 1985) exsolution (e.g. Westrich et al., 1988; Toramaru, 1995) . In the lower zone of the Rooiberg lava flows, the exsolved volatiles formed a few large bubbles. The relatively large size and low abundance imply that an early stage of bubble growth and coalescence in the hightemperature melt preceded solidification. The sparse number of amygdales in the lower zone of individual flows, which had the slowest cooling rate as it was beneath a considerable thickness of lava, could indicate that any earlier formed bubbles in this zone either migrated upwards or were resorbed into the melt (c.f. Orth and McPhie, 2003) .
Source constraints
Identification of source volcanic centres is particularly difficult within the Rooiberg Group, given the very large area covered by these units. Moreover, single lava flows are typically relatively uniform in texture, composition, and thickness, with no easily mapped proximal-todistal variations. Fissure vents are the most likely source, as they are for flood basalts and some moderate-volume felsic lavas (e.g., Manley, 1996) but have yet to be identified.
Conclusions
The 
